Introduction Autophagy is a stress-induced catabolic process involving the lysosome (or, in yeast, the analogous vacuole), which is conserved in all eukaryotes (Esclatine et al., 2009; Klionsky, 2005). According to the different pathways by which cargo is delivered to the lysosome or vacuole, autophagy is divided into three main types: chaperone-mediated autophagy (CMA), microautophagy and macroautophagy (Klionsky, 2005). CMA is a process that has been characterized in higher eukaryotes but not in yeast. In CMA, a chaperone protein binds first to its cytosolic target substrate and then to a receptor on the lysosomal membrane where the unfolding of the protein occurs. The unfolded cytosolic target protein is subsequently translocated directly into the lysosome for its degradation (Massey et al., 2004) . Microautophagy translocates cytoplasmic materials into the lysosome or vacuole for degradation by either direct invagination, protrusion, or septation of the lysosomal or vacuolar membrane (Wang and Klionsky, 2004) . Macroautophagy is characterized by the formation of a cytosolic double-membrane vesicle, the autophagosome. During macroautophagy, cytoplasmic proteins, organelles or other materials are surrounded by phagophores, which expand and close to form autophagosomes. These autophagosomes fuse with lysosomes (or vacuoles) to form autolysosomes, in which the cytoplasmic cargos are degraded by resident hydrolases. The resulting degradation products are then transported back into the cytosol through the activity of membrane permeases for reuse (Fig.  1 ). In the yeast Saccharomyces cerevisiae, microautophagy engulfs cytosolic materials through an autophagic tube, which then scissions within the vacuole to release the contents into a vesicle within the vacuolar lumen for degradation (Uttenweiler and Mayer, 2008) ; microautophagy-like processes, such as one type of selective peroxisome degradation, are slightly different and involve targeted sequestration of the cargo (Dunn et al., 2005) . The process and mechanism of microautophagy in mammalian cells are still not clear (Cuervo, 2004) . Among the three main forms of autophagy, macroautophagy is the most widely studied and best characterized process. In this review, we will thus focus on macroautophagy, hereafter referred to as autophagy.
Introduction
One fundamental conclusion that can be drawn from research on autophagy is that this process must be tightly regulated -too little or too much autophagy can be deleterious. In particular, if we hope to ever use autophagy for therapeutic purposes, it will be crucial to understand the details of its regulatory processes. The regulation of autophagy has been extensively studied in the past few years, and several reviews have thoroughly summarized the progress in this area (Bassham, 2009; Cebollero and Reggiori, 2009; Esclatine et al., 2009; Fimia and Piacentini, 2010; He and Klionsky, 2009; Meijer and Codogno, 2009; . Therefore, in this review, we will focus on some of the main unresolved questions.
The role of the Atg1 complex in autophagy induction

The Atg1 complex is an essential component for autophagy induction
The Atg1 complex is involved in autophagy induction (see Box 1) and the target of rapamycin (TOR) -specifically, TOR complex 1 (TORC1) -is an upstream negative regulator of this complex (Chang and Neufeld, 2010; He and Klionsky, 2009) . Differences exist in the regulation of autophagy by TORC1 among eukaryotes. For example, in yeast, TORC1 phosphorylation of Atg13 must be eliminated before it can interact with and activate Atg1 (Fig. 2A) ; however, mammalian Atg13 (ATG13) and Drosophila Atg13, the homologs of yeast Atg13, are always associated with ULK (ULK1 or ULK2, the mammalian homologs of yeast Atg1) and with Drosophila Atg1 (the Drosophila homolog of yeast Atg1), respectively, and Drosophila Atg13 becomes hyperphosphorylated during autophagy (Fig. 2B,C) . The phosphorylation sites of the ULK complex in mammals have been mapped (Dorsey et al., 2009) ; mapping these sites and identifying the relevant kinases for the yeast proteins is underway (Kijanska et al., 2010; Yeh et al., 2010) and might provide additional information that resolves the apparent differences among these organisms. Another difference is that, in Drosophila, TORC1 binds to the Atg1 complex even when autophagy is induced (Fig. 2C) , whereas in yeast and mammals TORC1 dissociates from their Atg1 complexes during autophagy ( Fig. 2A,B) . It is worthwhile pointing out that the Atg1 complex has not been fully characterized with regard to dynamic associations between its components, particularly in yeast.
In Caenorhabditis elegans, the Atg1 homolog uncoordinated-51 (UNC-51) (Meléndez and Levine, 2009) , the Atg13 homolog ectopic PGL granules (EPG-1) (Tian et al., 2009) , and possibly also other recently identified Atg proteins (e.g. EPG-7 or FIP200) (Tian et al., 2010) participate in autophagy. However, the functions of the Atg1 complex and its other components remain unclear in this organism (Meléndez and Levine, 2009 In the presence of an autophagy inducer, cytoplasmic materials, such as protein aggregates and organelles, are sequestered by a pre-autophagosomal membrane structure, the phagophore. The phagophore membrane then expands and encloses its cargo to form a double-membrane vesicle, the autophagosome. The autophagosome fuses with a lysosome (or a vacuole in yeast) to form an autolysosome, in which the enclosed cargo is degraded by acid hydrolases. After the resulting macromolecules are transported back into the cytosol through membrane permeases, they can either be used to synthesize proteins or can be oxidized by the mitochondria to generate ATP for cell survival. However, when autophagy occurs at excessive levels or under certain physiological conditions it can lead to type II programmed cell death (type II PCD). See the text for additional details.
Box 1. The core machinery of autophagy
In eukaryotes, the core machinery of autophagy includes the following four steps: Induction Induction is initiated by activation of the Atg1 complex. In yeast, the components of this complex include Atg1, Atg13 and the Atg17-Atg31-Atg29 subcomplex. The mammalian Atg1 complex (or ULK complex) is composed of the mammalian Atg1 homolog Unc-51-like kinases 1 or 2 (ULK1 or ULK2, respectively), mammalian autophagy related 13 homolog (ATG13), a putative counterpart of yeast Atg17, the RB1-inducible coiled-coil 1 (RB1CC1; also known as FIP200, focal adhesion kinase (FAK)-family-interacting protein of 200 kD) and Atg101 (an Atg13-binding protein).
Vesicle nucleation
This is the initial step that recruits proteins and lipids for autophagosome construction. Nucleation starts with the recruitment of Atg proteins to the phagophore assembly site (PAS) in yeast or to the PAS equivalent in mammals. The mechanism for nucleation is unclear, but activation of a phosphatidylinositol 3-kinase (PtdIns3K) complex is essential.
Vesicle expansion and completion
Autophagosome formation is a de novo process, in which membranes emerging at the PAS expand, either by direct flow from a source such as the ER or by vesicular addition, and then seal to enclose the cytosolic cargos. Two ubiquitin-like (Ubl) conjugation systems (Atg8 and Atg12) are involved in vesicle expansion and completion. Atg8 is conjugated to the lipid phosphatidylethanolamine (PE), whereas Atg12 is conjugated to Atg5.
Autolysosome formation
When the autophagosome is completed, it will fuse with the lysosome (the vacuole in yeast) to form an autolysosome, in which the cytosolic cargos will be degraded. The resulting products will be released back into the cytosol through permeases.
How is the Atg1 complex activated?
One common feature of the activation of Atg1 complexes in different organisms is that the respective Atg13 proteins are no longer phosphorylated by TORC1 once autophagy has been induced (Fig.  2) . A remaining issue, however, is whether this change in phosphorylation is essential for Atg1 complex activation and autophagy induction. Support for this idea is seen in yeast, as a nonphosphorylatable Atg13 mutant can bypass the TORC1 pathway and induce autophagy in growing cells (Kamada et al., 2010) . In Drosophila, however, Atg13 is hyperphosphorylated under starvation conditions, which is dependent on Atg1 kinase activity (Chang and Neufeld, 2010) . Furthermore, as ULK1 or ULK2 (in mammals) and Atg1 (in Drosophila) phosphorylate Atg13 during autophagy (Chang and Neufeld, 2010) , does Atg1 also phosphorylate Atg13 in yeast? Under starvation conditions, ULK1, ULK2 (in mammals) and Atg1 (in Drosophila) are no longer phosphorylated by their respective TORC1s (Fig. 2B,C) . Thus, similar to Atg13 in yeast, it is possible that activation of the ULK1, ULK2 and Atg1 complexes also involves the elimination of TORC1-dependent phosphorylation.
One additional issue that merits consideration is the physiological mechanism for downregulating autophagy. Most studies to date have focused on autophagy induction, but excessive autophagy is also deleterious. How do cells modulate the level of autophagy once it has been induced? A recent study suggests that death-associated protein 1 (DAP1) has a function in this process (Koren et al., 2010) ; however, it remains to be determined whether this protein targets the Atg1 complex, or other components of the autophagy pathway. The study of Atg1 effectors that bind to Atg1 and thereby regulate its activity, would greatly help in understanding the ways cells modulate the level of autophagy. However, no Atg1 effectors have been characterized outside of yeast (Kamada et al., 2000) .
Regulation of autophagy by the phosphatidylinositol 3-kinase complex
The PtdIns3K complex is involved in autophagy induction
The activation of a phosphatidylinositol 3-kinase (PtdIns3K) complex is an essential step in vesicle nucleation during autophagy (Box 1). In yeast, there are two PtdIns3K complexes. Complex I, (Kamada et al., 2010) . This prevents the association of Atg1 with Atg13, which is bound to Atg17, Atg31 and Atg29, leading to inhibition of autophagy induction. Under starvation conditions when TORC1 is inactivated, Atg13 is no longer phosphorylated by TORC1, whereas Atg1 is autophosphorylated, leading to the association of Atg1 with the complex between Atg13, Atg17, Atg31 and Atg29, and subsequent autophagy induction (Cebollero and Reggiori, 2009; Chang and Neufeld, 2010; Kamada et al., 2010; Nakatogawa et al., 2009 ). (B)In contrast to yeast, mammalian ULK (ULK1 or ULK2, the homologs of yeast Atg1) forms a stable complex with mammalian Atg13, FIP200 (a putative counterpart of yeast Atg17) and Atg101 (an Atg13-binding protein), irrespective of TORC1 activation. Under nutrient-rich conditions, the active TORC1 associates with the ULK complex (ULK1 (or ULK2)-Atg13-FIP200-Atg101), phosphorylates ULK1 (or ULK2) and hyperphosphorylates Atg13, which inhibits the kinase activity of ULK1 (or ULK2) and thus blocks autophagy induction. Under starvation conditions when TORC1 is inactivated, TORC1 dissociates from the ULK complex, preventing phosphorylation of Atg13 and ULK1 (or ULK2) by TORC1 and leading to autophagy induction, whereas ULK1 (or ULK2) still phosphorylates Atg13 and itself, and hyperphosphorylates FIP200 (Chang and Neufeld, 2010; Mizushima, 2010; . (C)Similar to the situation in mammals, in Drosophila Atg1 forms a complex with Atg13 irrespective of TORC1 activation (Chang and Neufeld, 2010) . Under nutrient-rich conditions, the active TORC1 phosphorylates Atg13 and hyperphosphorylates Atg1, leading to the inhibition of autophagy induction. Under starvation conditions, when TORC1 is inactivated, Atg1 and Atg13 are no longer phosphorylated by TORC1, whereas Atg1 still phosphorylates itself and hyperphosphorylates Atg13, leading to autophagy induction. Figure modified from Chang and Neufeld (Chang and Neufeld, 2010) with permission.
which functions in autophagy, consists of Atg6 (Vps30), Atg14, Vps34 (the only PtdIns3K in yeast) and Vps15, whereas complex II contains Vps38 instead of Atg14 and functions in the vacuolar protein sorting (Vps) pathway (Cao and Klionsky, 2007; Nakatogawa et al., 2009) .
In contrast to yeast, higher eukaryotes have three types of PtdIns3K (class I, II and III); the class I and III PtdIns3K complexes function as negative and positive regulators of autophagy, respectively (Baehrecke, 2005; Chang and Neufeld, 2010) . The mammalian class III PtdIns3K complex is composed of beclin 1 (BECN1), phosphoinositide-3-kinase class 3 (PIK3C3, hereafter referred to as Vps34) and phosphoinositide-3-kinase, regulatory subunit 4 (PIK3R4, hereafter referred to as Vps15) (Funderburk et al., 2010; . Atg14L (yeast Atg14-like) (Matsunaga et al., 2009; Zhong et al., 2009) , activating molecule in beclin-1-regulated autophagy (AMBRA1) (Di Bartolomeo et al., 2010; Fimia et al., 2007) , UV radiation resistance-associated gene (UVRAG) protein (Liang et al., 2008) and Bax-interacting factor 1 (Bif1) (Takahashi et al., 2007) positively regulate autophagy, whereas the RUN domain and cysteine-rich domain containing beclin-1-interacting protein (rubicon) (Matsunaga et al., 2009; Zhong et al., 2009 ) negatively regulates autophagy through interacting with the class III PtdIns3K. UVRAG (Liang et al., 2008) and rubicon (Matsunaga et al., 2009; Zhong et al., 2009 ) also regulate the endocytic pathway. The antiapoptotic Bcl-2 family members, such as Bcl-2 (BCL2), viral Bcl-2 homolog (vBcl-2) and Bcl-x L (BCL2L1), inhibit autophagy by binding to the BH3 domain of beclin 1 (He and Levine, 2010) . Here, Bcl-2 originating from the ER rather than mitochodria is responsible for negatively regulating autophagy (He and Levine, 2010) .
Similar to mammals, the class III PtdIns3K complex in Drosophila contains Atg6, Vps15 and Vps34; orthologs of Atg14L, UVRAG and Rubicon are also found in the Drosophila genome (Chang and Neufeld, 2010) . In C. elegans, the class III PtdIns3K complex contains LET-512 (Vps34), ZK930.1 (Vps15) and BEC-1 (Atg6), and regulatory factors CED-9 (Bcl-2) and ERP-1 (Bif-1), but not an Atg14 equivalent, have been identified (Meléndez and Levine, 2009) .
How is the function of PtdIns3K regulated?
The mammalian class III PtdIns3K has been divided into different types of complex based on the interaction of its core components (beclin 1, Vps34 and Vps15) with different interacting proteins (Funderburk et al., 2010; He and Levine, 2010) . Proteins such as UVRAG, AMBRA1, Atg14L, and Bif-1 positively regulate autophagy, whereas other class III PtdIns3K-interacting proteins such as rubicon, Bcl-2 and Bcl-x L are negative regulators. Thus, what, if any, crosstalk occurs among these proteins, and how is this coordinated to regulate the function of class III PtdIns3K in autophagy induction? Further study of the roles of these class III PtdIns3K-interacting proteins under the same autophagy-inducing conditions might help answer these questions.
The role of vesicle expansion and completion in the regulation of autophagy
Atg8 and Atg12 are parts of unique Ubl conjugation systems
The Atg8 and Atg12 ubiquitin-like (Ubl) conjugation systems are involved in vesicle expansion and completion (see Box 1 and Fig.  3 for details). Conjugation reactions of Atg12 and Atg8 are catalyzed by the E1-like enzyme Atg7, and the E2-like enzymes Atg10 (for Atg12) and Atg3 (for Atg8). The cysteine protease Atg4 is required to remove an arginine residue (Arg117 in yeast) from nascent Atg8 for its maturation, and also to cleave Atg8 from phosphatidylethanolamine (PE) on the autophagosome membrane (referred to as deconjugation) after vesicle completion. Atg12 is conjugated to the Atg5 protein, and the Atg12-Atg5 complex might act as an E3 ubiquitin ligase homolog to catalyze the conjugation of Atg8 to PE. A number of observations suggest that there is crosstalk between the Atg8-PE and Atg12-Atg5 conjugation systems. First, the E1-like enzyme Atg7 activates both Atg12 and Atg8 (or its mammalian homolog LC3). Second, conjugation of Atg8 (LC3) to PE, and the subsequent autophagosome formation are dependent on the Atg12-Atg5-Atg16 complex (Geng and Klionsky, 2008) .
How do the ubiquitin-like conjugation systems participate in autophagy?
One of the main questions in this particular area is how the activity of Atg4 is controlled to prevent the premature deconjugation of Atg8 or LC3 from PE during autophagosome formation. One hypothesis that has been suggested is that the reactive oxygen species (ROS) H 2 O 2 can inactivate Atg4 by oxidizing its catalytic cysteine residue to prevent cleavage of LC3-PE (or Atg8-PE) before autophagosome formation is complete (Scherz-Shouval et al., 2007) . However, a pressing question in this model is how the levels of H 2 O 2 can be temporally and spatially controlled to ensure that Atg4 remains active -as required in the following two situations: first, when it is used to cleave the LC3 (or Atg8) precursor and, second, when it is required to cleave the LC3-PE (or Atg8-PE) conjugate after autophagosome formation. A second hypothesis was put forward in a recent study in yeast , which suggests that Atg18 and Atg21, together with the Atg12-Atg5-Atg16 complex, form a barrier to block the access of Atg4 to Atg8-PE on the outer surface of the phagophore, thereby preventing the cleavage of Atg8-PE by Atg4. After autophagosome completion, Atg18, Atg21 and the Atg12-Atg5-Atg16 complex dissociate from autophagosomes, thus allowing Atg4 access to Atg8-PE.
Another question regarding the role of Atg4 arises from structural studies of human Atg4B (ATG4B), which indicate that the free ATG4B is autoinhibited because its substrates (i.e. pro-LC3 and LC3-PE) cannot access its catalytic cysteine residue Cys74, which is covered by its regulatory loop Trp142 and the N-terminal tail Satoo et al., 2009; Sugawara et al., 2005) . When LC3 is bound to ATG4B, large conformational changes of these ATG4B domains take place, allowing LC3 access to the catalytic site (Satoo et al., 2009 ). However, the signals that trigger these conformational changes within Atg4 are unknown. One plausible hypothesis is that ROS, instead of inactivating Atg4, activates Atg4 by oxidizing its non-catalytic cysteine residues, triggering conformational changes of Atg4 when complete autophagosomes are formed and are ready for fusion with lysosomes -in which ROS are constitutively generated (Kubota et al., 2010) . Indeed, multiple cysteine residues are found in the Atg4 proteins from different eukaryotes: 12 in yeast (S. cerevisiae), between 10 and 14 in human (ATG4A-C), 11 in D. melanogaster, and 9 cysteine residues in C. elegans. ROS might not be able to access Atg4 before the fusion of autophagosomes with lysosomes, because the eukaryotic cytosol is generally a reducing environment. However, two challenges of this hypothesis are to interpret first how oxidation of the catalytic cysteine residues of Atg4 proteins by ROS can be avoided and, second, how pre-LC3 (or Atg8) can be cleaved by Atg4 when it is not in close proximity to the lysosome (or vacuole).
Despite extensive studies, the exact functions of Atg8 or of LC3 are still unclear. In yeast, Atg8 can mediate the tethering and hemifusion of membranes in vitro (Nakatogawa et al., 2007) , and the amount of Atg8 determines the size of autophagosomes (Xie et al., 2008) . Atg8 and LC3 are also involved in cargo recognition (Kanki et al., 2009; Noda et al., 2008; Okamoto et al., 2009; Shintani et al., 2002) . Mammalian cells have multiple Atg8 homologs including LC3A, LC3B, LC3C, -aminobutyric acid type A receptor associated protein (GABARAP), GABARAP-like 1, 2 and 3 (GABARAPL1, GABARAPL2, and GABARAPL3, respectively) (Geng and Klionsky, 2008; Weidberg et al., 2010) . The question remains whether all mammalian Atg8 homologs participate in autophagy that is induced by the same stimulus. A recent study has demonstrated that LC3 is involved in phagophore membrane expansion, whereas the GABARAP family is required for autophagosome maturation (Weidberg et al., 2010) . Thus, it is possible that the Atg8 homologs in mammals are involved in different stages of autophagosome formation. Finally, a recent report has demonstrated that Atg12 can be conjugated to Atg3 in mammals, and that this conjugation affects mitochondrial homeostasis and cell death, but not starvation-induced autophagy (Radoshevich et al., 2010) . Other potential targets of Atg12 (or Atg8) have not yet been identified.
The source of autophagosomal membranes is an ongoing controversy
Although substantial progress has been achieved in understanding the molecular aspects of autophagy, the mechanism of formation of its most characteristic structure, the autophagosome, is still unclear. Various models have been proposed for autophagosome formation, but two predominate. In the first model, autophagosomes are formed by de novo synthesis of a nucleating structure, the phagophore, which expands by the addition of lipids that are transported by Atg9 from other sources (Kovács et al., 2007) . In the second model, a subdomain of the ER is initially used as a cradle for the formation of the phagophore that expands between ER domains to which it is physically linked (Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009 ). This latter model is further supported by three-dimensional electron tomography studies that demonstrate a direct connection between the phagophore and ER. However, none of these models can explain all the current data for autophagosome formation, but a mechanism involving de novo synthesis is probable because the phagophore appears to expand rather than to form in a single step from a pre-existing organelle (Mizushima et al., 2001) .
What are the mechanisms of phagophore expansion and autophagosome formation?
As almost all intracellular organelles, such as the ER, Golgi, endosomes, mitochondria and the plasma membrane have been implicated in the formation of autophagosomes Hailey et al., 2010; Luo et al., 2009; Lynch-Day et al., 2010; Ravikumar et al., 2010; Reggiori, 2006; Yen et al., 2010) , it is possible that multiple sources, indeed, contribute to the autophagosomal membrane. If this is correct, a fundamental question is how the membrane is redirected from its normal itinerary within the cell to participate in autophagy. Another question is whether all of these sources contribute to autophagosome formation in the same autophagy process, or if there is a hierarchy and an order, in which different donor sources participate. If this is the case, the question arises of how this process is regulated.
A further issue is the location of phagophore formation. In yeast, most Atg proteins are recruited to the phagophore assembly site (PAS), which appears to function as the organizing center for autophagosome formation. However, an equivalent of the yeast PAS has not been identified in higher eukaryotes, and autophagosomes can form at multiple locations. Nonetheless, it has been proposed that mammalian cells might also construct their autophagosomes from a PAS equivalent. For example, under autophagy-inducing conditions, multiple green fluorescent protein (GFP)-LC3 containing vesicles can be observed in a mammalian cell, whereas typically only one or sometimes a few GFP-Atg8 dots and a single PAS are observed in a yeast cell. Thus, it is possible that, in contrast to yeast, mammalian cells have multiple PAS equivalents (Itakura and Mizushima, 2010) .
Autophagy and TOR signaling
Known roles of TOR signaling pathways in autophagy regulation
TOR, specifically TORC1, can regulate autophagy in two ways; by directly phosphorylating Atg proteins, such as Atg13 and Atg1 as discussed above (Fig. 2) , and by acting in a signal transduction cascade involving other proteins that can regulate autophagy (He and Klionsky, 2009 ). Many signaling pathways known to regulate autophagy merge at TORC1 (Fig. 4) , including pathways that involve adenosine monophosphate-activated protein kinase (AMPK), which activates autophagy, and Akt (also known as protein kinase B) that downregulates autophagy (Esclatine et al., 2009; He and Klionsky, 2009; Klionsky, 2005) . In mammalian cells, AMPK negatively regulates TORC1 by either directly Atg8 (or the mammalian homolog LC3) is an ubiquitin-like (Ubl) protein that is cleaved by the cysteine protease Atg4 to expose a glycine residue that is then covalently conjugated with phosphatidylethanolamine (PE) (Ichimura et al., 2000) . Atg12 is another Ubl protein that is covalently conjugated to Atg5 and the resulting Atg12-Atg5 conjugate is then attached to Atg16 to form a dimer of the trimeric Atg12-Atg5-Atg16 complex (Geng and Klionsky, 2008) . Conjugation reactions of Atg12 and Atg8 are catalyzed by the E1-like enzyme Atg7 and the E2-like enzymes Atg10 (for conjugation of Atg12) and Atg3 (for Atg8) and result in the formation of either a multimeric complex with Atg5 (involving Atg12) or a lipid conjugate (with Atg8). In contrast to Atg5 conjugation to Atg12, Atg8 is conjugated to PE and not to a protein, thereby allowing membrane association. Furthermore, Atg4 cleaves the Atg8 (or LC3) precursor before conjugation and Atg8-PE (or LC3-II) during the subsequent deconjugation. Figure modified from Geng and Klionsky (Geng and Klionsky, 2008) with permission.
inhibiting TORC1 (Gwinn et al., 2008; or activating tuberous sclerosis 2 (TSC2) protein, which is an upstream effector of TORC1 (Inoki et al., 2003) . By contrast, the yeast AMPK homolog sucrose non-fermenting 1 (Snf1) is negatively regulated by TORC1 (Orlova et al., 2006) . Both AMPK (Liang et al., 2007) and Snf1 (Wang et al., 2001 ) can positively regulate autophagy, but the mechanism used by Snf1 is not known. The protein kinase A (PKA) and TOR pathways are generally considered to be two parallel pathways that sense carbon and nitrogen sources, respectively (Stephan et al., 2010) . However, studies in yeast and in mammals have indicated that there is crosstalk between these two pathways. In mammals PKA activates TORC1 (Mavrakis et al., 2006) by phosphorylating its subunit PRAS40 (Blancquaert et al., 2010) . There, it can also phosphorylate and inactivate AMPK (Djouder et al., 2010) , thus indirectly activating TORC1. By contrast, in yeast, TORC1 can indirectly activate PKA through activating the putative ribosomal protein S6 kinase (RPS6KB1, hereafter referred to as S6K1) homolog Sch9, which inhibits the mitogen activated protein kinase Slt2; Slt2 inactivates PKA by phosphorylating its regulatory subunit Bcy1 (Soulard et al., 2010) . Mammalian PKA negatively regulates autophagy either by directly phosphorylating LC3 (Cherra et al., 2010) or by activating TORC1, which inhibits autophagy (Mavrakis et al., 2006) . In yeast, PKA also negatively regulates autophagy (Yorimitsu et al., 2007) by phosphorylating Atg1 (Budovskaya et al., 2005) and Atg13 (Stephan et al., 2009) .
In mammals, the TORC1 substrate S6K1 (Armour et al., 2009 ) is a positive regulator of autophagy, whereas yeast Sch9 is a negative regulator (Yorimitsu et al., 2007) . Akt is an upstream negative regulator of the TSC1-TSC2 complex within the TOR signaling pathways that are involved in autophagy regulation in mammals and Drosophila (Dutta and Baehrecke, 2008) ; however, the role of Akt in autophagy is not clear in C. elegans (Kang and Avery, 2010) . In S. cerevisiae, Sch9 was originally proposed to be an Akt homolog (Sobko, 2006) , but a later study demonstrated that Sch9 is more likely to be a S6K1 homolog (Urban et al., 2007) , which means it would function as a substrate of TORC1 rather than as its regulator. Thus, a yeast Akt homolog still awaits identification or confirmation.
What controls the network of TOR signaling pathways that regulate autophagy?
Although TOR has been the most extensively studied regulator of autophagy, basic questions regarding its functions remain. For example, amino acids are main regulators of TOR and of autophagy; however, the factors upstream of TOR that sense amino acids are still unclear (Dann and Thomas, 2006; Meijer, 2008) . Thus far, the networks of different TOR signaling pathways have been constructed in studies that focused primarily on one individual pathway. In the future, the relative importance of different pathways and their coordinated interplay needs to be addressed. For example, the AMPK pathway in mammals can activate autophagy either by directly inhibiting TORC1 or by activating TSC2. Yeast Snf1, however, which is also able to activate autophagy, but by a yet unknown mechanism, is a downstream target of TORC1 (Fig. 4) . This raises the question whether AMPK is a downstream target of TORC1 in mammals, and Snf1 an upstream effector of TORC1 in yeast? A similar contrast in crosstalk applies to the interplay between PKA and TORC1 in mammals and yeast (Fig. 4) . Furthermore, the roles of AMPK and PKA in Drosophila (Chang and Neufeld, 2010) and C. elegans (Kovács and Zhang, 2010; Meléndez and Levine, 2009) are not clear, and future studies are needed to delineate their functions with regard to autophagy. Along these lines, there are clear species-specific differences that need to be considered, such as why S6K1 is a positive regulator of autophagy in mammals, yet Sch9 negatively regulates it in yeast.
In recent years, studies have demonstrated that ROS can also regulate autophagy Huang et al., 2009; ScherzShouval et al., 2007) . ROS stimulate activation of AMPK (Jung et al., 2008) and of Snf1 (Hong and Carlson, 2007) , indicating that ROS can induce autophagy through their effects on these two proteins. A recent study suggests that ROS activates AMPK by activating ataxia-telangiectasia mutated (ATM), which is an upstream activator of AMPK (Alexander et al., 2010) . Future studies are required to determine whether ROS can also regulate other autophagic signaling pathways (He and Klionsky, 2009) .
A final point to consider is that most of the regulatory components identified to date are kinases and that -presumablythere is a complementary phosphatase for each kinase. Future studies will be needed to identify these phosphatases and determine how their function is coordinated with that of the respective kinases.
Interplay between autophagy and other cellular processes
Crosstalk between autophagy and apoptosis
As both autophagy and apoptosis are important for the development and prevention of human diseases, the crosstalk between these two pathways has received increased attention, and several observations help to summarize this interplay in mammalian cells (Fig. 5) . In mammals, AMPK can be activated by its upstream factors LKB1, TAK1, and CaMKK . In yeast, Snf1 can be activated by its upstream factors Elm1, Sak1, and Tos3 (Hedbacker and Carlson, 2008) . In yeast, the mammalian TSC1 and TSC2 homologs LCB2 and LCB1 (Gable et al., 2000) other situations, the activation of autophagy inhibits apoptosis (Maiuri et al., 2007; Platini et al., 2010) or autophagy occurs upstream of apoptosis (Eisenberg-Lerner et al., 2009) . Furthermore, regulators of apoptosis, such as Bcl-2 family members (Bcl-2 and Bcl-x L ) (Levine et al., 2008) and CASP8 and FADD-like apoptosis regulator (CFLAR, also known as Flip) (Djavaheri-Mergny et al., 2010) can regulate autophagy, and proteins involved in autophagy, such as Atg5, beclin 1 and Atg4D, can also have a role in apoptosis (Fimia and Piacentini, 2010) .
What is the crosstalk between autophagy and apoptosis
One of the most important questions in this field is what are the underlying mechanisms of the pro-cell survival effect of autophagy versus its pro-cell death effects? Autophagic degradation of active caspase-8, a positive effector of apoptosis, is responsible for the inhibition of apoptotic cell death in mammalian cells (Hou et al., 2010) . The pro-cell death effect of autophagy could be related to the activation of apoptosis, which would imply that autophagy is an upstream event of apoptosis (Nezis et al., 2010) or, alternatively, autophagy could be independent of apoptosis, such as in situations, in which autophagy-induced cell death does not exhibit any of the characteristic apoptotic features, such as caspase activation and DNA fragmentation (Voss et al., 2010) . Thus, it has been controversial as to how 'autophagic cell death' should be defined and, for consistency, we here define it as 'cell death that is triggered by autophagy' (pro-cell death effect). In contrast to the above-mentioned mechanism for the cytoprotective effect of autophagy against stress, one possible mechanism for autophagic cell death could involve the autophagic degradation of a negative effector of apoptosis. This is supported by a recent demonstration that autophagic degradation of the Drosophila inhibitor of apoptosis (IAP) dBruce controls apoptotic cell death in nurse cells during late Drosophila melanogaster oogenesis (Nezis et al., 2010) . Other possible mechanisms underlying the dual functions of autophagy (in cell survival and cell death) need to be explored in the future. Factors that make it possible to differentiate the pro-cell survival and pro-cell death effects of autophagy have been reported recently. For instance, Draper (Drpr), the D. melanogaster ortholog of the C. elegans engulfment receptor CED-1 (McPhee et al., 2010) and Jun N-terminal-kinase (JNK) (Shimizu et al., 2010) are involved in autophagic cell death, but not in autophagy-induced cell survival. Furthermore, death-associated protein kinase (DAPK) has been proposed to convert autophagy from a cell survival mechanism to one of the initiation of cell death (Bialik and Kimchi, 2010) . It remains to be investigated how exactly these factors (Drpr, JNK, DAPK, etc.) are able to direct autophagy from a survival to a death pathway.
Several Atg proteins have been implicated in apoptosis. For example, caspase 3 cleaves the human Atg4 family member Atg4D to generate a truncated product, ⌬N63 Atg4D that, when overexpressed, induces autophagy-independent apoptosis (Betin and Lane, 2009) . Similarly, under conditions that induce apoptosis, Atg5 is cleaved by calpains, generating a truncated product 24K Atg5 that, when overexpressed by itself, induces apoptosis, but not autophagy (Yousefi et al., 2006) . Caspases also cleave beclin 1 at Asp149 during apoptosis resulting in the inhibition of autophagy (Djavaheri-Mergny et al., 2010; Luo and Rubinsztein, 2010; Wirawan et al., 2010) . It remains to be investigated whether other Atg proteins are also cleaved during apoptosis.
However, apoptosis-inducing factors might also have a role in autophagy, as for example, caspases are involved in autophagy in Drosophila (Hou et al., 2008; . In mammalian cells, the expression of caspase 9 is mediated by the expression of beclin 1, but the role of caspase 9 in autophagy has not been investigated (Wang et al., 2007) .
Regulation of autophagy within the context of other cellular networks
Autophagy is regulated by a complex network that consists of different signaling pathways. A recent yeast study highlights the importance of investigating the regulation of autophagy in the context of a network of multiple signaling pathways ; in S. cerevisiae, Pho85, which exists in different cyclindependent kinase (Cdk)-containing Pho85-cyclin complexes, can have both positive and negative effects on autophagy. Pho85 in complex with the cyclins Pho80 and Pc15 negatively regulates autophagy, whereas it has a positive effect on autophagy when it forms a complex with the cyclins Clg1 or Pcl1. This indicates that autophagy regulators can have opposing roles (i.e. positive or negative) depending on their interactions with different components of a signaling network. In mammalian cells, Cdk1 and Cdk5 negatively regulate autophagy by affecting the interaction of Vps34 (A)In a cell, the same stress induces both autophagy and apoptosis as independent processes (top). A stress can also induce autophagy, which then inhibits apoptosis (middle) or, alternatively, a stress induces autophagy, which can be the trigger of apoptosis (bottom). (B)Both autophagy and apoptosis are negatively regulated by Bcl-2, Bcl-x L and Flip. (C)Autophagy proteins Atg5, beclin 1 and Atg4D function in autophagy in their unmodified form, but also have a role in apoptosis after cleavage by either calpains, which target Atg5 and give rise to 24 K Atg5, or caspase 3, which cleaves beclin 1, resulting in a C-terminal fragment of beclin 1 (Beclin 1-C), and Atg4D, truncating it at the canonical caspase cleavage sequence (DEVD63K) to ⌬N63 Atg4D.
with beclin 1 (Furuya et al., 2010) ; however, it is not known if they can also have a positive role in autophagy.
Remaining questions regarding the cellular network regulating autophagy
The most obvious question is: what is the complete regulatory network that controls autophagy? Even if we limit this consideration to starvation-induced autophagy, this process is regulated in response to a wide range of nutrients, including amino acids, phosphate, nitrogen and glucose, and questions remain with regard to which signaling pathway(s) dominate, and how are they interconnected to modulate the level of autophagy. Compared with yeast, genes in higher eukaryotes cannot be that easily mutated, knocked out or overexpressed, making it more difficult to study the entire autophagy network. However, the approach of gene silencing techniques using small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) is now widely used and should start to provide detailed information in higher eukaryotes soon. For example, in a recent study applying RNA interference (RNAi) coupled with proteomic analysis, a network of basal autophagy in human cells was constructed that consists of 751 interactions and 409 candidate interacting proteins (Behrends et al., 2010) . It is expected that the networks of autophagy induced by different stress conditions could also be explored following up on this pioneer study.
Conclusions
Although we have learned much in the past decade regarding the molecular aspects of autophagy, many questions remain -as outlined here. Further characterization of the known 35 Atg genes (Kanki and Klionsky, 2010; Suzuki et al., 2010; Nazarko et al., 2011) , and the discovery of additional genes involved in autophagy regulation will help to answer these questions in the future. Along with mechanistic studies of autophagy regulation, the identification of genetic and pharmacological regulators of autophagy could have practical health benefits. Currently, two main approaches have been used to develop new autophagy regulators (inhibitors or activators). The first approach is the screening of small molecules targeting autophagy (Farkas et al., 2009; Zhang et al., 2007) . The second approach is to design and develop autophagy regulators according to the structural information of Atg proteins (Miller et al., 2010) . Recently, additional autophagy regulators have been discovered through such a screening approach (Balgi et al., 2009; Choi et al., 2010; Renna et al., 2010) . More studies using these and other approaches are expected to help us in understanding the regulatory network of autophagy and in making the therapeutic modulation of autophagy a reality.
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